The copper(II) complexes of the thyrotropin-releasing hormone (L-pyroglutamyl-L-histidyl-L-prolinamide, TRH) in 3 M LiCl-water solutions were investigated as a function of pH by circular dichroism, absorption, and electron spin resonance spectroscopy. It was concluded that a simple ML (IN) complex of copper(II)-TRH is formed over the pH range 4.0-4.5, while 2N and 3N complexes are present in the solutions of pH 4.4-6.0. From pH 6.1 to 9.8 an ML 2 (4N) complex is formed and this species is the only complex found over the pH range 6.5-8.5. At pH values above 9.0 a 3N species is formed in addition to a 2N complex which is present in the solutions of pH 11.3. These observations are controversial to former reports.
Introduction
The copper(II) complexes of thyrotropin-releasing hormone (TRH) have been investigated by various physico-chemical methods [3] [4] [5] . Although no involvement of this compound in the interaction with copper(II) ions in vivo is known up to date, its amino acid residue pattern leads to unusual metal ion coordination. The ligand serves also as a model for an internal histidyl residue in proteins. Earlier studies of TRH complexes with Cu(II) ions have shown that the histidine and pyroglutamic acid residues are able to coordinate metal ions [3] [4] [5] , Only two nitrogen donors were identified in an ESR spectrum of a frozen solution of TRH and Cu(II) at pH 9 [3, 4] , However, in the following work the authors have stated that at pH>6.5 TRH chelates Cu(II) by three nitrogen donors [5] ; but the complex formation of this peptide with copper(II) in aqueous solution has not been elucidated completely, and there remain problems on the quantitative interpretation of the experimental results, the complex species formed in the reaction, and their structures.
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Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0340-5087/87/0400 -483/S 01.00/0 mation of this molecule with copper(II) was studied as a function of pH in aqueous solutions by circular dichroism, absorption and electron spin resonance spectroscopy.
Materials and Methods
All materials were of highest purity available from commercial sources. The tripeptide used in this work (L-pyroglutamyl-L-histidyl-L-prolinamide) was synthesized as described in detail below. CUC1 2 -2H 2 0 was used as obtained from Merck. LiCl • H-.0 crystals were synthesized from LiOH (Merck). The 1:1 Cu(II):TRH, [Cu(II)] = 10 mM, molar ratio solutions in 3 M-LiCl were used for all experiments. Lithium chloride was added to the samples to prevent dipolar broadening of the ESR spectra as the solutions are frozen [6] . In our studies a Corning model 12 pH meter was used and the pH was varied through the addition of HCl or NaOH solution from pH 1.1 to 11.8. Equal 2 ml aliquots at each pH value were collected from a stock of 100 ml for the measurements. The samples were used for electronic absorption, circular dichroism, and ESR measurements at room and liquid nitrogen temperatures. Measurements were made always immediately after sample preparation to avoid changes with time.
Absorption spectra were run on Beckman model 24 and Carl Zeiss M4 QIII spectrophotometers. The CD spectra were measured on an automatic recording spectropolarimeter JASCO-J-20. All CD spectra are expressed in terms of A £(£L -£ R)-ESR measurements were performed on a Varian E-12 spectrome-ter at X-band (9.3 GHz). A double cavity together with temperature accessory was used to obtain the spectra at room temperature and at 77 K. The signal modulation at 100 kHz was 0.5 G peak to peak and the microwave power was 5 mW.
Syntheses
Adpoc-His(Adpoc)-OH 1.55 g (10 mmol) histidine was dissolved in 4.6 ml of Triton B (40% in methanol) at 40 °C; the solvent was removed under reduced pressure and the oily residue redissolved in 30 ml dimethylformamide (DMF). After further evaporation the residue was dissolved in 40 ml DMF and cooled to -10 °C; then triethylamine (1.4 ml) and a solution of Adpocfluoride in ether (1 mM; 22 ml) were added. The mixture was stirred for 1 h at 0 °C then 6 h at room temperature, cold 2 N citric acid was added and the solution extracted with ether (3x50 ml). The organic extract was washed (4x) with saturated NaCl solution, dried (NaS0 4 ) and evaporated to dryness. Crystallisation was performed in hexane at -10 °C. Adpoc-His(Adpoc) -Pro-NH 2 (2.1 g, 3 mmol) was treated with 50 ml trifluoroacetic acid in methylene chloride (5% v/v) for 10 minutes. After evaporation under reduced pressure cold ether (50 ml) was added and the evaporated residue was dried over KOH in vacuo and then dissolved in DMF. The resulting solution was treated with triethylamine (0.43 ml) and pyroglutamic acid trichlorophenylester (0.92 g,3 mmol) and allowed to stand for 24 hat room temperature. The solution was evaporated to an oil which was purified by column chromatography (silica gel; elution medium: MeOH/CHCl 3 (2:1)).
All fractions were analyzed by HPLC (column: nucleosil 10 ,«m, 250x4 mm; eluent: 5% acetonitrile in 0.05% TFA; flow rate: 1.0 ml/min; detection: UV. A = 206 nm).
The suitable fractions were cooled and evaporated to dryness and lyophilized.
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Results and Discussion
In the following the properties of the Cu(II)-TRH system and the structures of the formed complexes as deduced from the results obtained by the different techniques used at different pH values are discussed.
For the complexes of Cu(II) with TRH in solution, measurements of the optical absorption were performed in the pH range from 1.1 to 11.8 at the scanning wavelength range from 250 nm to 850 nm. In Fig. 1 a plot was made of the change of the wavelength at maximum absorption as a function of pH. It is noticed that the position of the maximum of the absorption band varies with pH, suggesting either a change in crystal field or the appearance and disappearance of different species in solution.
Assuming the existence of different species in solution as the increase of pH causes the dissociation of protons from ionizable groups in the tripeptide, in the presence of the metal ion one can see the presence of at least five species. The first species can be identified at the lowest pH (<3), the second around pH 4.0, the third near pH 5-6, the fourth near pH 7.5 (this complex is present in a broad range between 6.5 and 8.5) and the last above pH 9.0.
At lowest pH (<3) all the ionizable groups are protonated and the metal is coordinated to water molecules giving a broad band with a small absorbance (d-d band position near 800 nm) characteristic for the metal, dissolved in water. The stepwise increase of the d-d transition energy for cupric complexes with increasing pH suggests sequential coordination of nitrogen donors, as in the case of the other Cu(II) oligopeptide systems [7] [8] [9] [10] .
At pH values greater than 3 a solvent molecule is displaced by one nitrogen donor of TRH with formation of an ML (IN) complex. The 'H NMR line broadening studies suggests that the metal ion begins coordination at N-3 imidazole nitrogen at pH near 4.0 [3, 4] , The dramatic change observed in the visible spectra of Cu(II)-TRH on increasing the pH to 6.0, reflects the displacement of the remaining solvent oxygen ligand(s) from the coordination sphere of Cu(II) by (an)other tripeptide nitrogen(s) and formation of the 2N-4N species. As the pH is increased above 6, the >3. max curve reaches a plateau (-587 nm) at pH 7.0 to 8.3. Starting from pH 8.5, the d-d band position is shifted from -585 to 559 nm at pH 11.8. This blue shift in the absorption spectrum is probably due to the following cause: first, to further alteration of the Cu(II) coordination sphere and ionization of a coordinated water molecule second, it could result from pyrrole nitrogen deprotonation [11] or finally, from the decomposition of the TRH molecule at higher pH values [12] .
Potentiometrie results [5] show only two major species, ML and MH_ 2 L. The ML species is bound through the imidazole nitrogen (a IN complex) with the maximum occurring at about pH 5.5. According to Potentiometrie results the CuH_ 2 L complex is a 3N species, bound through the imidazole nitrogen and the amide nitrogens of, both, the pyroglutamyl and histidyl peptide linkages [5] . Above pH 6.5, virtually all the metal is bound as the 3N complex [5] , ESR spectra of the complexes have been recorded at two different temperatures: room (25 °C) and 77 K. At room temperature the spectra are averaged in their angular dependencies due to the rapid rotation of the molecules so that the four lines due to hyperfine interaction with the nucleus are observed. It is also possible to observe smaller splittings in the spectra due to superhyperfine interaction with neighboring nuclei, as for instance nitrogens which have a nuclear spin 1=1.
In Fig. 2 the ESR spectra at room temperature for the complexes of Cu(II)-TRH are shown at several pH values. In the pH range between 1.1 and 3.2 a single broad line is present characteristic of Cu(II) ions in water (the hyperfine interaction is not resolved). In the pH range from 5.8 to 11.8 the spectra show the lines of Cu(II) due to a complex with bigger ligands and the high field line is further split into additional lines corresponding to the superhyperfine interaction with nitrogens. The fact, that the splitting occurs only in the high field line, can be explained by the arrangement of the nitrogens in the plane perpendicular to the axial symmetry axis.
At liquid nitrogen temperature (77 K) all the orientations of the axis of molecules having axial symmetry are present but they are fixed. Therefore, anisotropic spectra are obtained, as shown in Fig. 3 , from which the values of g/, and A" can be accurately measured and the values of g x and A ± are evaluated using the known relations [13] . The ESR parameters thus obtained are given in Table I . From comparison of these spectra, it is evident that, depending upon the pH, a number of different types of copper complexes are formed. At the lowest pH, only one type of complex is present (Table I) , and this species has A// and g/, values which are identical with those observed for free copper(II) in an aqueous solution. At pH 4.48, the parallel copper hyperfine components exhibit an ESR pattern characteristic of free copper and TRH bound copper. Up to this pH the Cu(II)-TRH complex did not show any superhyperfine g = 2.0028 (Table I ) [14] . The ESR spectrum of Cu(II)-TRH at pH 5.57 clearly depicts the superhyperfine structure consisting of seven lines separated by -15 G. The existence of 7 lines is consistent with an interaction between three nitrogens and an unpaired electron (3N complex), and is contradictory to the previous studies [3] [4] [5] which identified only the IN species at this pH value.
Starting from pH 6.1, different ESR patterns were observed for the Cu(II)-TRH system. The presence of an equally spaced nine-line superhyperfine structure with 15 G spacing suggests metal coordination with four nitrogen atoms (4N species). The ESR spectral characteristics of the Cu(II)-TRH complex remained essentially invariant over the pH range from 6.1 to 9.8. Probably the spectrum consists of two sets of resonances, each with five lines. Since nitrogen has a nuclear spin 1, it would indicate that in the complex each copper is chelated to at least two equivalent nitrogens. We therefore attribute the ESR spectra obtained over the pH range from 6.1 to 9.8 to a complex in which copper is actually bound to two TRH molecules through their N-3 (imidazole) and N-peptide positions. This might involve an ML 2 complex in which the one TRH molecule lies in the same molecular plane as the other TRH ligand (head-to-tail arrangement).
At pH 10.0, a new paramagnetic species starts to form and this complex with seven superhyperfine lines dominates at pH 10.74 (second 3N species).
At pH values above 11.3 the appearance of five nitrogen lines in the high field line in the spectrum, due to interaction with two nitrogens, is observed.
In Fig. 4 the g 0 and A,/ ESR parameters are plotted versus pH and are shown to have the same behavior as the optical parameters in Fig. 1 . These results agree well with the existence of at least five species in solution obtained with optical absorption.
The basic aim of studying the variation of the magnetic parameters in the ESR spectra of transition metal complexes is to obtain information on the metalligand bond. Since the values of g" indicate the covalent nature of the metal-ligand bond, the bonding in these complexes can be explained in terms of molecular orbital theory with the unpaired electron in the d\ x i-y i molecular orbital in the ground state [15, 16] .
The bonding parameters, a 2 , ß 2 and ß 2 , which represent the in-plane a-, in-and out-of-plane jr-bond strengths for 3d 9 configurations in approximate D 4h symmetry, can be calculated using known equations [16] [17] [18] . The a' 2 , out-of-plane a-bond strength, was calculated using the relationship a 2 -I-a' 2 -2aa'S = 1 (where S is the overlap integral which is taken as 0.093 [16] ). The Fermi contact term K F is calculated using the relationship K F = A 0 + P(g G -g e ), where [17] of the copper(II)-TRH complexes are given in Table II .
The a 2 values quantitate the in-plane a-bonding within these complexes, a 2 = 1 represents totally ionic character and a 2 = 0.5 totally covalent character. However, since the overlap integrals in the B lg function are rather large, this bond cannot be equivocally classified as covalent or ionic; it may only be assumed that the lower the value of a 2 , the more covalent the nature of the bond. The calculated values of a 2 remain for all the complexes within the narrow range of 0.74 to 0.82. This is the range between the appreciable covalency to intermediate covalency [17] .
The overlap integrals in the B : wave function are small, therefore the ß 2 is a direct index of the covalency of the in-plane 7r-bonding. The characteristic features of the CD spectra of Cu(II)-TRH complexes are presented in Tabl. III. The CD spectra of Cu(II)-TRH solutions were interpreted by Formicka-Kozlowska et al. [3, 4] . The positive peak at 293 nm and the negative peak at 331 nm are slightly sensitive to pH. The positive peak derives from the imidazole nitrogen to copper ion charge transfer transition, while the negative CD peak derives from the peptide linkage nitrogen to Cu(II) ion charge transfer transition. In the visible region a symmetric positive peak at 583 nm is observed for the Cu(II) complexes with four nitrogens. This band derives from the B lg -^B 2g transition within the Cu(II) ion [3, 4] .
In Fig. 5 the intensities of these three bands are plotted versus pH and are shown to have the same behavior as the optical parameters in Fig. 1 and the ESR parameters in Fig. 4 . The fact that the CD spectral characteristics of the Cu(II)-TRH complexes remained essentially invariant over the pH range from 6.5 to 8.5, conforms with and confirms our previous conclusions drawn on the basis of the optical absorption and ESR studies.
The synthesis of TRH for spectroscopic studies has so far been mainly performed using conventional amino protecting groups like the Boc(rerf-butyloxycarbonyl) or the Z(Benzyloxycarbonyl) group [2, 19, 20] . The synthetic scheme (Fig. 6) shows that the Adpoc group, recently developed in our laboratory [1] can be used for side chain, as well as a-amino protection of histidine, thereby preventing side reactions during the coupling with prolinamide. crystallization. One further advantage of the Adpoc group are the mild acidolytic conditions which can be used for its cleavage, again reducing the side-reactions drastically during this operation [1, 20] . K. M. greatly thanks DAAD for a fellowship; the financial support by Fonds der Chemischen Industrie is greatly acknowledged.
